The Fischer-Tropsch synthesis (FTS) was conducted for active-carbon-supported iron catalysts in a slurry-phase reactor. Heat treatment of the active carbon support in N2 resulted in some improvement in catalytic durability. However, ozone (O3) treatment of the support greatly improved catalytic durability. The optimum treatment temperature was found to be 400 . X-ray diffraction measurements and N2 adsorption analysis revealed that the structure of the active carbon support did not change drastically by the O3 treatment but the average pore size and mesopore volume increased to 1.3 times of those of the untreated support. This suggests that O3 removes a part of the amorphous carbon phase, thereby enlarging the pores to some extent. The major reason for catalyst deactivation was assumed to be the blocking of active sites by waxy products that formed. The enlarged pores facilitated solvent extraction from heavier products and thus promoted the maintenance of high catalyst activity. The product distribution obtained from the O3-treated catalyst exhibited a higher proportion of low-carbon-number products, thereby indicating suppression of secondary chain growth.
Introduction
As energy demands increase with world population growth, energy resources, in particular, oil, are expected to fall short of the requirements in the near future. Therefore, the development of new processes to produce energy storage materials and chemicals from sources other than petroleum oil is required. Recently, the X to liquid (XTL) technologies have drawn considerable attention. Here X represents a carbon-based raw material for the production of a synthesis gas. Specific examples include natural gas to liquid (GTL), biomass to liquid (BTL), and coal to liquid (CTL). The XTL technologies are mainly based on three processes: synthesis gas production, synthetic hydrocarbon production, and upgrading of the hydrocarbon mixtures obtained. The key technology in the second process is the catalytic conversion of the synthesis gas and is based on the Fischer-Tropsch synthesis (FTS). FTS has been studied for more than a century 1) 4) . Many reports on different catalysts, processes, and methods of industrialization for FTS as well as reviews of its environmental load have been reported. Precipitated Fe and fused iron catalysts are known to be active for FTS reactions and are suitable for BTL and CTL processes, which use syngas with low H2/CO ratios 5), 6) . It has been shown that adding Cu and K to these catalysts promotes their activity. However, when these catalysts are used in slurry-phase FTS processes, the Fe species are pulverized into carbides; this complicates the separation of the catalyst from the product oil. Although supported catalysts have been used to address this problem, many iron catalysts do not show good performance when supported on typical carrier materials such as silica and alumina. Recently, we developed highly active supported iron catalysts for FTS using carbon-based support materials 7) 9) . Five types of carbon supports, including carbon fiber, pure carbon (amorphous carbon), graphite, carbon black, and active carbon, with specific surface areas ranging from 3.8 to 1170 m 2 /g were used. These supports achieved more than 75 % CO conversion in the presence of Cu and K under the following conditions: 260 , 2.0 MPa-G, H2/ CO 1, and 8.2 g h/mol. For the active carbon support, we found that a surface oxidation treatment enhanced catalyst durability and resulted in a more stable CO conversion for supports treated with ozone at low temperatures. Conversely, treatments with air, without O3, at temperatures below 500 showed no effect. Carbon samples treated above 500 in air were subjected to irregular burning; this yielded irreproducible results. The reactor used for the treatment was a simple vertical glass tube. This made it difficult to uniformly maintain the temperature of the whole active carbon bed, with temperatures fluctuating by up to 20 . We observed that the proportion of hydrocarbons with a low carbon number increased when using the O3-treated catalyst support. This suggests that chain growth was suppressed. However, the distribution of hydrocarbons in the liquid product was unknown.
In the present study, we performed an isothermal ozone treatment of an active carbon using a refined system. Structural changes in the pores were characterized using N2 adsorption. Via FTS, we analyzed the carbon number distribution of the liquid products obtained using O3-treated catalysts. On the basis of our experimental results, we herein discuss the effect of O3 treatment on catalyst stability.
Experimental

1. Ozone Treatment of the Active Carbon
Support A commercially available active carbon was used as the catalyst support in this study. Figure 1 shows the apparatus for ozone treatment of the active carbon support, which was performed using an ozone generator (EcoDesign, ED-OG-06) at room temperature under normal pressure. For the treatment, flowing air (100 mL/min) was passed through the generator and O3-containing air was introduced into a quartz reactor. The active carbon sample was placed inside the reactor in two quartz boats. Each boat was filled with approximately 10 g of the sample. Ozone generation was set at 50 mg/h, and the concentration was maintained at 10 g/Nm 3 (0.47 vol%). After flowing ozone-containing air through the reactor for 1 h, the reactor was heated to a predetermined treatment temperature (300, 400, and 500 ) for 1 h and was then maintained at that temperature for 2 h. Temperature fluctuation in the sample bed was within 5 . As a reference, a heat-treated sample was also prepared in N2, without O3, using a similar procedure.
Preparation of the Iron-loaded Catalyst
Catalysts (Fe _ Cu _ K/C) were prepared according to our previous method 7) 9) using the treated and untreated active carbons. Fe and Cu species were introduced onto the supports via a deposition-precipitation method at room temperature using aqueous solutions of FeSO4 and CuSO4 (Fe/Cu 100 by weight) with an Fe _ Cu/ active carbon ratio 1/1 by weight. A small amount of coexisting Cu is known to promote the reduction of iron species 4) . The precipitates were filtrated, washed with water, dried at 110 , and then calcined at 400 for 3 h in N2. A K promoter was added via incipient wetness impregnation using an aqueous K2CO3 solution. K loading was 2.5 wt% in each catalyst. The catalysts were activated in-situ in a flowing syngas at 300 for 4 h.
3. FTS Catalytic Tests
FTS experiments were performed using a slurryphase semibatch reaction system under pressure 9), 10) . The reactor used was a stainless-steel autoclave containing 1 g of powdery catalyst ( 45 μm) and 50 mL of n-C16H34, which was added to the reactor as a solvent. After reducing the catalyst at 300 under a pressure of 0.5 MPa-G for 4 h using a syngas (H2/CO 1) flow of 100 mL/min, the FTS reaction was initiated by changing the temperature and pressure to 280 and 2.0 MPa-G, respectively, with a W/F of 4.1 g h/mol. Reactants and products were analyzed via online and offline gas chromatography. In this study, only hydrocarbons with a C number less than 24 were analyzed. The yield of C25 hydrocarbons, including coke, was estimated as the difference between the total hydrocarbon yield and the sum of the yields of the hydrocarbons up to C24. The former was calculated by subtracting the CO2 yield obtained from CO conversion.
4. Catalyst Characterization
Physical properties such as pore size, pore volume, and specific surface area of the supports and catalysts were determined via N2 adsorption using a BELSORPmini II. X-ray diffraction (XRD) measurements were conducted using a Rigaku XPD-DSC with Ni-filtered Cu-Kα radiation. catalysts. The conversions achieved over 20 h were similar for all the catalysts except for the supports treated at 500 , which showed higher conversion. The reason for this higher conversion was unclear because the physical properties of the 500 -treated catalyst were similar to those of the 400 -treated catalyst. A slight increase in the mesopore volume ( 0.02 cm 3 /g) and specific surface area ( 50 m 2 /g) of the 500 -treated active carbon might have resulted in an increase in the number of active catalytic sites by changing the dispersion of Fe species. After 20 h, the conversion of the untreated and 300 -treated catalysts decreased rapidly to 55 % at 30 h. However, the initial activity was almost completely maintained at 30 h for the catalysts treated at 400 and 500 . It can be seen that the activity of the catalyst treated at 400 was more stable than that of the one treated at 500 . Deactivation after 23 h was observed for the 500 -treated catalyst; this may be due to the more rapid accumulation of waxy products by a higher conversion than that with 400 -treated catalyst. The changes in CO conversion in the N2-treated catalyst at 400 are also plotted in the figure, which shows that the thermal treatment also contributed to catalyst stability. However, the effect of the ozone treatment was more pronounced. These results show that the most effective active carbon support was that treated by O3 at 400 . Thus, this support was used as the O3-treated active carbon in the study below. Figure 3 shows the CO conversion and selectivities to total hydrocarbons, C25 , and CH4 on the basis of CO reacted with time on stream at 2.0 g h/mol. The initial CO conversions with both catalysts were slightly higher at this lower flow rate than those at 4.1 g h/mol (Fig. 2) despite only half contact time. This might be because of the subtle differences, such as in the temperature and catalyst lot. In this case, the deactivation rate was reduced and a CO conversion above 70 % was maintained. This effect may be caused by the increased gas-flow rate facilitating vaporization and discharge of low-carbon-number products from the liquid phase, thereby suppressing secondary chain propagation. The O3-treated catalyst showed some deactivation under these conditions; however, the deactivation rate was low and the CO conversion at 50 h was greater than 80 %. Selectivities to total hydrocarbons and methane were almost unchanged for 50 h. However, the selectivity for heavier products (C25 ) increased for both the catalysts with time. This selectivity was more pronounced for the O3-treated catalysts than that for the untreated one. The changes in hydrocarbon product distribution are shown in Fig. 4 . The percentage of gaseous products (C1-C4 hydrocarbons) was approximately 18 %, and it remained almost constant throughout the 50-h run for the treated and untreated catalysts. Lighter liquid products (C5-C24 hydrocarbons) were the major products obtained with both the catalysts. However, selectivity for this fraction decreased and the proportion of heavier products increased with time. This shift in product distribution was again more pronounced for the treated catalyst than that for the untreated one. The carbon number distributions of the products obtained using the two catalysts are shown in Fig. 5 , with the integrated yield of each product over the 50-h period. The yields of lighter liquid products, especially C6-C12 hydrocarbons, were much higher with the O3-treated catalyst than those with the untreated one.
2. E f f e c t o f O z o n e Tre a t m e n t o n t h e F T S Products
Characterization of the Active Carbon
Support and Iron-loaded Catalyst Table 1 shows the physical properties of the iron catalysts supported on active carbon, as measured via nitrogen adsorption. The specific surface area of the untreated active carbon was approximately 1200 m 2 /g and those of the supports treated with either O3 or N2 at 400 were slightly lower. However, the average pore diameter and mesopore volume were both larger for the N2-treated support and even larger for the O3-treated support. Weight loss during the treatments was low (less than 6 %), and the O3-treated support showed the highest weight loss. Adding the Fe _ Cu _ K catalyst to the active carbon supports decreased the surface area by approximately 50 % before reduction; however, this behavior was not influenced by the support-treatment conditions. Figure 6 shows the XRD profiles measured using the supports and the catalysts described above. Broad diffraction patterns for the micrographitic carbon were observed using both untreated and N2-and O3-treated active carbon materials. When the Fe, Cu, and K species were loaded, clear diffraction lines from Fe3O4 appeared for all the catalysts. These peaks show that the iron species existed as magnetite on the catalysts before reduction. No clear peaks for the Cu or K species were observed.
From these experimental results, we found that N2 and O3 treatments at 400 did not drastically change the structure of active carbon support but resulted in mesopores with a larger diameter and volume. Although active carbon is subjected to high temperatures when it is produced, chemical compounds in the atmosphere, such as oxygen and moisture, adsorb to the surface and react with the surface carbon during transportation and storage. When heated, these adsorbed species desorb and a part of the support surface, usually an unstable amorphous carbon phase, is removed. This effect is likely promoted in the case of a strong oxidizing O3 treatment. Figure 7 shows the XRD patterns of the untreated and O3-treated catalysts after being used in FTS for different time periods. In the untreated catalysts, the Fe Figure 8 illustrates the effects of treatment with N2 or O3 at 400 on the active carbon support, FTS products, and, in particular, heavy waxy hydrocarbons. Active carbon is a porous material and comprises a microcrystalline graphite phase and an amorphous carbon phase. Iron and promoter metals are distributed inside and outside the pores when loaded. The scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) images show that these metals were uniformly dispersed over the whole support. However, loading of Fe species (Fe3O4) causes pore blocking and results in a reduction in the specific surface area (Fig. 6 and Table 1 ). Hydrocarbons formed inside pores during FTS dissolve in the solvent (n-C16H34) and diffuse in and out of the pores. Because the diffusion rate of the waxy products is low, these hydrocarbons gradually accumulate inside the pores. In the case of the untreated catalyst, the small average (Table 1 ) result in a low extraction rate of the heavy hydrocarbons, thereby leading to greater accumulation inside the pores and a high degree of conversion to heavier wax and coke. Finally, the waxy deposits cover the active sites. This results in rapid deactivation of the catalyst (Fig. 2) . When the N2-treated active carbon was used as the support, the deactivation rate was moderated. This can be attributed to the removal of a portion of the amorphous phase during treatment. This removal facilitated wax extraction. In the case of the O3-treated catalyst, this effect was promoted further and a high catalytic activity was maintained over a longer period. Moreover, the distribution of the hydrocarbon products included a higher proportion of low-carbonnumber products when the O3 catalyst was used (Fig. 4) .
4. C o n s i d e r a t i o n o f t h e E f f e c t o f O z o n e Treatment on the FTS Catalytic Process
Higher diffusion rates and more rapid extraction of wax suppressed the successive chain growth inside the pores.
Conclusions
In this study, FTS was investigated using active-carbonsupported iron catalysts. Catalytic durability can be improved via heat-treating a support with O3. The optimum treatment temperature was found to be 400 . A similar improvement was also obtained using N2 heat treatment at the same temperature but with lower effectiveness. The O3 treatment not only drastically changes the structure of active carbon support but also enlarges the diameter and volume of mesopores by removing an amorphous carbon surface layer. These modifications result in higher rates of diffusion into and out of the pores, thereby facilitating the extraction of waxy products and a significant improvement in catalyst stability. We also clarified that the treated catalyst supports showed less successive chain growth inside the pore. This led to an increase in the selectivity to lighter hydrocarbons. 
